Cytochrome P450s (P450s) are important enzymes involved in the metabolism of xenobiotics, particularly clinically used drugs, and are also responsible for metabolic activation of chemical carcinogens and toxins. Many xenobiotics can activate nuclear receptors that in turn induce the expression of genes encoding xenobiotic metabolizing enzymes and drug transporters. Marked species differences in the expression and regulation of cytochromes P450 and xenobiotic nuclear receptors exist. Thus, obtaining reliable rodent models to accurately reflect human drug and carcinogen metabolism is severely limited. Humanized transgenic mice were developed in an effort to create more reliable in vivo systems to study and predict human responses to xenobiotics. Human P450s or human xenobiotic-activated nuclear receptors were introduced directly or replaced the corresponding mouse gene, thus creating "humanized" transgenic mice. Mice expressing human CYP1A1/ CYP1A2, CYP2E1, CYP2D6, CYP3A4, CY3A7, pregnane X receptor, and peroxisome proliferator-activated receptor ␣ were generated and characterized. These humanized mouse models offer a broad utility in the evaluation and prediction of toxicological risk that may aid in the development of safer drugs.
Foreign chemicals that enter the body are subject to metabolism by a number of xenobiotic-metabolizing enzymes, a process that functions primarily to facilitate their elimination. Cytochromes P450 (P450) are among the most important enzymes responsible for the oxidative metabolism of a diverse range of xenobiotics, including therapeutic drugs, carcinogens, toxicants, and endogenous compounds, such as steroid hormones and bile acids (Guengerich, 2003) . In particular, the CYP1A, CYP2C, CYP2D, CYP2E1, and CYP3A subfamilies play central roles in the metabolism and disposition of drugs (Guengerich, 2003) . The majority of P450 enzymes are expressed in the liver, whereas some are specifically expressed in extrahepatic tissues. P450-mediated drug metabolism exhibits considerable interindividual variation, due in part to genetic polymorphisms and factors, such as age, sex, body weight, and disease state. Consequently, they result in altered pharmacokinetics, pharmacodynamics, and clearance of drugs. Transcriptional regulation of P450s by xenobiotics acting through receptors, such as the arylhydrocarbon receptor (AHR), and nuclear receptors, such as pregnane X receptor (PXR), constitutive androstane receptor (CAR), and peroxisome proliferator-activated receptor ␣ (PPAR␣), can also account for this variability. The nuclear receptor proteins all contain a core DNA binding domain and a ligand binding domain. Ligands can activate the receptor by binding to the protein; the receptor then undergoes conformational changes, allowing release of corepressors, and binding of coactivators, enabling recruitment of RNA polymerase II, and other accessory proteins, resulting in transcriptional activation.
Striking species differences in the response to xenobiotics exist, notably between rodents and humans. In particular, expression and catalytic activity differences between human CYP2D6 and rodent Cyp2d and between human CYP3A4 and rodent Cyp3a have been documented (Bogaards et al., 2000) . These differences in P450 expression and nuclear receptor ligand binding affinities between human and rodent xenobiotic receptors may explain these differences between rodents and humans. Therefore, typical rodent models may not be of value in the prediction of human responses to xenobiotics.
Species Differences in Drug Metabolism
The underlying reasons for interspecies differences in drug metabolism were originally proposed to be a species' inability to carry out a metabolic reaction (such as N-hydroxylation of aliphatic amines in rats), restriction of the occurrence of a reaction to a particular species, or competing reactions by which a compound may be metabolized (Caldwell, 1981) . A classic example of species-specific difference in metabolism by competing reactions is the biotransformation of 2-acetylamino-fluorene, a potent carcinogen in a number of species. The carcinogenicity of 2-acetyl-amino-fluorene depends on the ratio of N-hydroxylation (bioactivation pathway) and aromatic hydroxylation (detoxification pathway). The degree of N-hydroxylation in rat, rabbit, and dog is considerable; therefore, this chemical is considered a carcinogen in those species. In guinea pigs, no N-hydroxylated metabolites are formed; thus, 2-acetyl-amino-fluorene is not carcinogenic in this species (Razzouk et al., 1982) .
It is now recognized that rodents metabolize xenobiotics differently from humans, due in part to species differences in the expression and catalytic activities of P450s (Caldwell, 1981; Bogaards et al., 2000) . Functional orthologs of almost all human genes exist within the mouse genome. In particular, 36 orthologous pairs of P450 genes have been identified in the genomes of mice and humans that have similar or identical functions in both species (Nelson et al., 2004) . One hundred two putative functional P450 genes have been identified in the mouse genome compared with 57 in humans (Nelson et al., 2004) . It can be assumed that differences in P450 isoforms between species are a major cause of species differences in drug metabolism. The antihypertensive drug debrisoquine, for example, is hydroxylated to 4-hydroxydebrisoquine in both humans and Sprague-Dawley rats primarily by CYP2D6 and CYP2D, respectively (Corchero et al., 2001a) However, in mice, no significant formation of 4-hydroxy debrisoquine was detected (Masubuchi et al., 1997) , suggesting that the murine Cyp2d genes do not have the same enzymatic activity as that in humans (Bogaards et al., 2000) .
Total P450 induction by the antituberculosis drug rifampicin in humans was demonstrated as early as 1973 by Hebert Remmer, and in 1975, it was reported that this was a species-specific induction, because it did not occur in the rat (reviewed in Bolt, 2004) . The human CYP3A4 was shown to be the major drug-metabolizing enzyme induced by rifampicin (Li et al., 1995) , and further studies revealed distinct species differences in CYP3A induction. Pregnenolone-16␣-carbonitrile (PCN) and dexamethasone are powerful inducers of CYP3A in rodents but not in humans, whereas the opposite is true of rifampicin, which is an effective inducer of CYP3A4 in humans but not in rodents, thus confirming the results of Herbert Remmer's group in the 1970s (reviewed in Bolt, 2004) . The xenobiotic nuclear receptor PXR was identified as the major determinant of CYP3A gene regulation by xenobiotics . Species differences in ligand specificities of PXR were demonstrated. For example, human PXR but not the mouse ortholog is activated by rifampicin, clotrimazole, and diethylstilbestrol. Conversely, dexamethasone, PCN, and 17␣-hydroxypregnenolone are strong activators of mouse but not human PXR Lehmann et al., 1998) . The mouse versus human PXR activation profiles generally correspond with the species-specific CYP3A induction profiles.
Peroxisome proliferators cause liver tumors when chronically administered to rats and mice (Reddy and Krishnakantha, 1975 ) through a mechanism involving the nuclear receptor PPAR␣, as revealed by PPAR␣-null mice (Peters et al., 1997) . However, epidemiological studies on patients receiving fibrate drugs, PPAR␣ agonists, suggest that humans are resistant to the carcinogenic effects of these peroxisome proliferators (Gonzalez et al., 1998) . There exists a striking species differences in the levels of PPAR␣ expression (Palmer et al., 1998) and ligand affinities between human and mouse forms (Sher et al., 1993) , which may possibly explain this differential response to peroxisome proliferators.
These examples of species differences in drug metabolism described demonstrate that use of regular rodent models may not be effective in understanding and predicting the human response to drugs and that more complex animal models resembling the human response need to be established.
Generation of Humanized Mouse Models
The safety assessments of drugs or xenobiotics to which humans are exposed are largely based upon extrapolation of animal experiments to the human situation. Although the validity of animal testing to predict drug efficacy and safety in humans has been questioned, it is commonly believed that pharmacokinetic data can be reasonably extrapolated to humans. Allometric scaling approaches have been applied, where anatomical, physiological, and biochemical variables in mammals can be scaled across species as a power function of body weight (Martignoni et al., 2006) . This methodology has been used to predict plasma concentration-time profiles and the main pharmacokinetic parameters (Martignoni et al., 2006) . In vitro studies using human liver microsomes, human hepatocytes, liver slices, and recombinant enzymes are also important methods used in assessing human drug metabolism. However, they alone cannot predict how the variable processes of absorption, distribution, metabolism, and excretion will modulate the expression of pharmacologic activity in vivo. The only way this modulation can be estimated is by studying the new drug in intact animals. Rodent models are widely accepted as useful experimental tools for the evaluation of chemical carcinogenicity and/or toxicity, metabolism, and pharmacology of xenobiotics, such as therapeutic and agrochemical agents. Because rodents have a short life span, this allows for the growth of large numbers of animals in a short period of time and thus the feasibility of many studies. Mice in particular have many practical advantages over other rodents, short gestation, large litter sizes, fast breeding, and lower animal husbandry and maintenance costs.
In an approach to overcome the species differences in P450 and xenobiotic receptor expression and regulation inherent between rodents and humans, transgenic humanized mouse models were developed. Several transgenic strategies can be employed to generate mice expressing the particular human protein. The P450 or xenobiotic receptor cDNA can be placed behind a promoter in an expression vector and introduced into mice by the standard pronuclei injection methodology. Tissue-specific promoters are used to direct expression of the protein. For example, the mouse albumin promoter (transthyretin) or the liver-enriched activator protein promoter (CCAAT/enhancer-binding protein ␤) will deliver liver hepatocyte-specific expression. Alternatively, the entire human gene containing all important regulatory elements, exons, and introns can be introduced into mice by using genomic clones derived from phage, bacterial artificial chromosome (BAC), or P1 phage artificial chromosomes (PAC). With the gene under control of their intrinsic regulatory systems, it is assumed that the human tissue-specific regulation and induction patterns will be maintained in the mouse, given that most transcription factors are conserved in mammals. However, because the endogenous murine genes are present that are orthologous or homologous to the introduced human transgene, they may exhibit overlapping functions and confound the effect of the human transgene. Therefore, these human transgenes would ideally be introduced onto the corresponding null mouse background by breeding with the gene knockout mouse or by incorporating the human transgene directly into the site of the endogenous mouse gene and thereby causing its instantaneous disruption (knock-in strategy). The human cDNA is often used as the transgene in the knock-in approach given that the production of a recombination vector that contains the complete human gene and sufficient flanking murine sequences to promote recombination with the native mouse gene is technically difficult. A different approach to generating humanized models that uses human hepatocytes transplanted into livers of chimeric mice, thus generating humanized livers, has been described previously (Tateno et al., 2004) .
Transgenic technology can therefore be used to generate mice that contain the human target protein or improved models of human disease that are better at mimicking the specific human pathology. Mice humanized for xenobiotic receptors or drug metabolism pathways may be used to investigate and predict potential overt toxicological or metabolic problems.
P450-Humanized Mouse Models

CYP1A1-and CYP1A2-Humanized Mice
CYP1A1 and CYP1A2 are inducible upon exposure to xenobiotics, such as 2, 3, 7, , polycyclic aromatic hydrocarbons, and polychlorinated biphenyls . Many of these xenobiotics act as ligands for AHR, which activates a battery of genes encoding enzymes, including P450s that are primarily involved in the metabolic activation of procarcinogens, such as arylamines, polycyclic aromatic hydrocarbons, and heterocyclic amines . Heterocyclic amines are produced during the cooking of meats and fish, with the most abundant being 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP). Metabolic activation of PhIP is principally mediated by CYP1A2, followed by esterification with N-acetyltransferase or sulfotransferase to produce the unstable esters that can rearrange to electrophiles that bind covalently to DNA to form adducts. Formation of DNA adducts is considered a necessary initial step in chemical carcinogenesis. PhIP-DNA adducts have been identified in the colon, heart, and lung of rats treated with the carcinogen (Lin et al., 1992) and in the liver, colon, and mammary gland of mice (Snyderwine, 2002) . PhIP-DNA adducts have also been detected in colonic tissue of humans (Friesen et al., 1994) . A higher CYP1A2 activity in combination with higher N-acetyltransferase activity has been associated with an elevated risk for colon cancer in individuals eating well cooked meats, a rich source of heterocyclic amines (Le Marchand et al., 2001) .
Species differences in the oxidative metabolism of PhIP have been observed between humans and rodents (Turteltaub et al., 1999) . Experimental animals are able to both activate and detoxify these amines, whereas humans convert them predominantly to their reactive genotoxic metabolites. In rodents, metabolism of PhIP is predominantly oxidation in the ring system followed by conjugation. However, in humans, N 2 -hydroxylation to the proximate mutagen N 2 -hydroxy-PhIP is the major metabolic pathway for PhIP followed by glucuronidation (Turteltaub et al., 1999) . Clearly, large differences exist in the metabolism of PhIP between humans and rodents and, thus, appropriate extrapolation of cancer risk from experimental animals to humans is of concern, particularly in establishing safe thresholds for human exposure to PhIP. By generating humanized mouse lines where both human CYP1A1 and CYP1A2 are incorporated into the mouse genome in the absence of the mouse Cyp1a1 and/or mouse Cyp1a2 genes, suitable models can be provided for human health risk assessment studies of PhIP, other dietary or environmental toxicants, and also drugs that are substrates for CYP1A1 or CYP1A2.
A BAC clone containing both the human CYP1A1 and CYP1A2 genes (Corchero et al., 2001b ) was used to generate a transgenic mouse line that was bred into either a Cyp1a1-null or a Cyp1a2-null background, creating CYP1A1-humanized (hCYP1A1) and CYP1A2-humanized (hCYP1A2) mice, respectively (Cheung et al., 2005a; Jiang et al., 2005) . Both CYP1A1 and CYP1A2 proteins were demonstrated to be functional in the hCYP1A1 and hCYP1A2 mice, and 3-MC treatment resulted in their induction ( Fig. 1A ) (Cheung et al., 2005a) . In hCYP1A2 mice, CYP1A2 protein expression was predominantly expressed in the liver with considerably lower levels in extrahepatic tissues, such as lung, kidney, colon, and heart (Cheung et al., 2005a) . In particular, hCYP1A2 mice were shown to accurately express CYP1A2 protein reflective of their expression in humans. Compared with wild-type mice, preferential N 2 -hydroxylation of PhIP was demonstrated in these hCYP1A2 mice (Fig. 1B) , a pathway for PhIP metabolism that in vitro studies revealed as predominant with the human ortholog. This was demonstrated both in vivo by measuring the relative total of N 2 -hydroxy-PhIP-glucuronides in the urine and in vitro using liver microsomes (Cheung et al., 2005a) . Therefore, the hCYP1A2 mouse provides a more appropriate model than wild-type mice with which to perform human risk evaluations and estimation of safe exposure levels to this dietary mutagen. Recently, a transgenic mouse line was developed that also contained both human jpet.aspetjournals.org CYP1A1 and CYP1A2 genes but was deficient in both the mouse Cyp1a1 and Cyp1a2 genes (Dragin et al., 2007) . This model would also be of value in human risk assessment studies involving drugs that are largely detoxified or activated by CYP1A1 or CYP1A2.
CYP2D6-Humanized Mice
Human CYP2D6 is involved in the metabolism of up to 20% of clinical drugs belonging to several therapeutic classes that include many centrally acting antidepressants and codeine Characterization of hCYP1A1 and hCYP1A2 mice. A, assessing the induction of hepatic human CYP1A1 and CYP1A2 proteins following 3-methylcholanthrene treatment in hCYP1A1 and hCYP1A2 mice by using Western blot analysis of liver microsomes. Transgenic mice containing both CYP1A1and CYP1A2 genes were bred into a mouse Cyp1a1-null background and were designated hCYP1A1 mice. Transgenic mice containing both CYP1A1 and CYP1A2 genes in a mouse Cyp1a2-null background were designated hCYP1A2 mice. Monoclonal antibodies specific to human CYP1A1, human CYP1A2, rat CYP1A2, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used. HLM, human liver microsomes; CON, corn oil. B, differential metabolism of PhIP in vivo in hCYP1A2 mice. N 2 -Hydroxylation and 4Ј-hydroxylation of PhIP were examined in the urine of wild-type and hCYP1A2 mice that had been treated with an oral dose of PhIP. The relative amount of N-OH PhIP include the N 2 -OH-PhIP-N 2 -glucuronide and N 2 -OH-PhIP-N 3 -glucuronide. The relative amount of 4-OH PhIP was present by total free 4-OH PhIP and deconjugated 4-OH-PhIP. The relative percentage of metabolite detected was calculated based on the mean value of the wild-type mice (defined as 100%). The pooled urine samples from three mice were analyzed in triplicate (values are mean Ϯ S.E.). ‫,ء‬ P Ͻ 0.05 compared with wild type.
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at ASPET Journals on October 25, 2017 jpet.aspetjournals.org (Zanger et al., 2004) . In humans, the CYP2D subfamily has a single active member, CYP2D6, that is highly polymorphic, whereas rats and mice have at least five Cyp2d genes, none of which encodes a protein with the same enzymatic activity as human CYP2D6 (Bogaards et al., 2000) . There are more than 90 known allelic variants of CYP2D6 to date (http:// www.imm.ki.se/CYPalleles/cyp2d6.htm). Five to 10% of Caucasians are poor metabolizers (Zanger et al., 2004) , and this can lead to individual variation in response to many drugs due to impaired metabolism by CYP2D6. A lack of robust animal models to study the CYP2D6 polymorphism led to the development of a CYP2D6-humanized mouse line that could be used to model CYP2D6 poor and extensive metabolizer phenotypes (Mahgoub et al., 1977) .
CYP2D6-humanized mice were generated using a phage genomic clone containing the whole human CYP2D6 gene and its regulatory sequences (Corchero et al., 2001a) . Although the endogenous murine Cyp2d genes were present in these transgenic mice, none of these gene products had the same catalytic activity and substrate specificity as CYP2D6. Functional CYP2D6 was expressed in the transgenic mouse liver, resulting in enhanced metabolism and disposition of the antihypertensive ␤-adrenoceptor blocking drug, debrisoquine. Urinary metabolic ratios (debrisoquine/4-hydroxydebrisoquine) following debrisoquine treatment have been used to estimate the extent of debrisoquine metabolism in humans (Mahgoub et al., 1977) . Indeed, treatment of CYP2D6-humanized mice (both homozygous and hemizygous) with debrisoquine revealed that this metabolic ratio was approximately 1, a value similar to that found in human extensive metabolizers, whereas in wild-type mice, the metabolic ratio was approximately 10, which is typical of human poor metabolizers. The CYP2D6-humanized mouse model is, therefore, similar to human extensive metabolizers, and wild-type mice are similar to human poor metabolizers of debrisoquine (Corchero et al., 2001a) . This mouse line was used to determine the mechanism of autoimmune response to CYP2D6 (Holdener et al., 2008) . The CYP2D6-humanized mouse is also of value for screening for dietary and endogenous substrates, revealing a role for CYP2D6 as a 5-methoxyindolethylamine O-demethylase . The CYP2D6-humanized model provides a useful in vivo tool to further investigate the physiological and pathological significance of CYP2D6 endogenous substrates and the association with its genetic polymorphism.
CYP2E1-Humanized Mice
CYP2E1 metabolizes and activates a wide spectrum of toxicologically important chemicals (acetone, ethanol, benzene, halothane, and carbon tetrachloride), clinically used drugs [acetaminophen (APAP), disulfiram, and chlorzoxazone], and carcinogens, such as the low molecular weight nitrosamines (Kessova and Cederbaum, 2003) . It is expressed abundantly in human liver, with some lower level extrahepatic expression in the kidney, lung, and brain (Lieber, 1997) . CYP2E1 was suggested to play a definitive role in alcohol-induced liver damage associated with oxidative stress (Caro and Cederbaum, 2004) .
Most studies on the pharmacological and biochemical actions of CYP2E1 are derived from studies with rodent, rabbits, and cultured hepatocytes; thus, extrapolation of these results to humans can be difficult. Creating a humanized transgenic mouse model by introducing the human CYP2E1 gene into Cyp2e1-null mice can circumvent this disadvantage. A transgenic mouse line was described that expresses the human CYP2E1 cDNA under the control of the mouse albumin enhancer promoter (Morgan et al., 2002) ; however, this transgenic model contains endogenous mouse CYP2E1 and, therefore, is not a true humanized model. Transgenic mice were generated using a BAC clone containing the entire human CYP2E1 gene, and these were bred into a mouse Cyp2e1-null background, thus creating CYP2E1 humanized mice (Cheung et al., 2005b) . Therefore, functional differences between human and mouse CYP2E1 can be directly compared using this model. Human CYP2E1 activity was demonstrated in these transgenic mice by increased chlorzoxazone 6-hydroxylation and increased p-nitrocatechol formation, the activities of which were inhibited using a CYP2E1 monoclonal antibody. There was no significant difference in chlorzoxazone 6-hydroxylase activity between CYP2E1-humanized and wild-type mice; however, a higher O-hydroxylation of p-nitrophenol was observed in CYP2E1-humanized mice compared with wild type. Inducible human CYP2E1 was shown in the CYP2E1-humanized mice using the known CYP2E1 inducer acetone. The response to the widely used analgesic APAP was explored in the CYP2E1-humanized mice. Therapeutic doses of APAP are considered safe; however, an APAP overdose can result in severe hepatotoxicity. Using Cyp2e1-null mice, a critical role of CYP2E1 in APAP toxicity was demonstrated since they were found to be resistant to APAP-induced liver toxicity (Lee et al., 1996) . CYP2E1 metabolizes APAP to a highly reactive metabolite, N-acetyl-p-benzoquinone imine that can covalently bind to cellular nucleophiles, such as DNA, RNA, and proteins. N-Acetyl-p-benzoquinone imine is typically inactivated by glutathione S-transferases; however, in an overdose of APAP, hepatic glutathione becomes depleted and formation of the reactive intermediate metabolites outstrips their detoxification. It is interesting that a 200 to 400 mg/kg dose of APAP administered to CYP2E1-humanized mice revealed no centrilobular hepatic necrosis lesions, whereas in wild-type mice, mild-to moderate degrees of centrilobular hepatic necrosis lesions were observed with this same dose (Table 1) (Cheung et al., 2005b) . These results were correlated with measurements of serum alanine aminotransferase levels, elevated levels of which serve as a marker of liver damage. These data establish that, in this transgenic model, human CYP2E1 is functional and that these mice exhibit altered sensitivity to the hepatotoxicity of APAP. The CYP2E1-hu- The livers were examined histologically and classed according to the degree of centrilobular hepatocyte necrosis: none, mild, moderate, or severe. Mice found dead after 24 h of APAP treatment were noted. The numbers indicate how many mice were classed with which degree of hepatocyte necrosis per total number of mice examined in each group (total numbers of mice in each group n ϭ 5 to 10). jpet.aspetjournals.org manized mice will be an excellent in vivo tool to delineate the role of human CYP2E1 in ethanol-induced oxidative stress and alcoholic liver damage and also for predicting drug metabolism, disposition, and drug-drug interactions (DDIs) of chemicals that are substrates for human CYP2E1. This transgenic model allows direct assessment of the human CYP2E1 function in a whole-animal model system and thus may be of importance in the evaluations of toxicological and pharmacological risk assessment studies for human CYP2E1 substrates.
Human CYP3A4 Transgenic Mice
There are four CYP3A isoforms expressed in humans: CYP3A4, CYP3A5, CYP3A7, and CYP3A43 (Nelson et al., 2004) . It is interesting that mice have eight complete Cyp3a genes and three pseudogenes (Nelson et al., 2004) , illustrating the complexity of P450 gene families between species. CYP3A4 is the predominant P450 expressed in human liver; it is also the major one expressed in nonhepatic tissues, most notably, the intestine. CYP3A4 is central to the metabolism of a wide array of drugs (e.g., antiretrovirals, anticancer), chemicals, and dietary constituents. CYP3A gene expression can be regulated by xenobiotic receptors, such as the ligand-activated nuclear receptors PXR or CAR (Willson and Kliewer, 2002) . Because CYP3A4 is estimated to be responsible for the full or partial metabolism of over 50% of clinically used drugs, it has a significant impact on drug metabolism and pharmacokinetics (Guengerich, 1999) . This is of particular concern in the development of new drugs, because many are used in combination therapies and the coadministration with other drugs can lead to DDIs. Drugs, such as the HIV protease inhibitor ritonavir, and food constituents, such as grapefruit juice, have been shown to profoundly inhibit CYP3A and affect the pharmacokinetic and pharmacodynamics of CYP3A substrate drugs (Dresser et al., 2000) . During preclinical development, drug candidates can be screened using recombinant P450s to determine whether the compound will be metabolized by CYP3A4. In vivo models to study CYP3A4 would aid the assessment of drugs that are CYP3A4 substrates.
To generate mice that express human CYP3A4, a BAC clone containing the complete CYP3A4 gene, including the upstream PXR-binding sites, was used as a transgene (Granvil et al., 2003) . This mouse line (designated hCYP3A4) expressed high levels of CYP3A4 in the small intestine, comparable to that found in human gut microsomes ( Fig. 2A) . Expression of CYP3A4 in the small intestine influenced the metabolism and pharmacokinetics of the orally administered drug midazolam, which is commonly used as a standard probe for CYP3A4 activity in humans. A higher rate of midazolam metabolism and elimination was observed in the hCYP3A4 mice compared with non-CYP3A4 expressing wildtype mice. No differences were observed between hCYP3A4 and wild-type mice when the drug was administered intravenously (Granvil et al., 2003) . The potent CYP3A4 inhibitor ketoconazole markedly lowered the rate of midazolam metabolism and elimination when coadministered orally with midazolam compared with midazolam alone (Fig. 2B) . This demonstrates a possible DDI between midazolam and ketoconazole.
It is surprising that little CYP3A4 expression was observed in the liver, the major site of CYP3A4 expression in humans (Granvil et al., 2003) . However, these studies were carried out on mature male mice. Later studies using mice generated from a BAC clone containing both CYP3A4 and CYP3A7 genes revealed constitutive CYP3A4 expression in the livers of immature male and adult female mice, indicating that the transgene is developmentally regulated in a gender-specific manner (Yu et al., 2005; . Indeed, human studies have indicated higher CYP3A4 expression in females (Wolbold et al., 2003) . In both males and females, CYP3A4 expression is present as early as 1 week after birth (Fig. 3A) . In 6-week-old male mice, CYP3A4 expression became undetectable but remained in females (Fig. 3A) . In contrast, the developmental expression pattern for murine Cyp1a2 showed no differences between sexes from ages 3 to 24 weeks (Fig. 3A) . Gender-specific regulation of P450s has been extensively studied in rodents and is suggested to be attributed to differences in growth hormone secretory patterns between males and females (Waxman and O'Connor, 2006) . Female mice secrete high constant levels of growth hormone from the pituitary gland. In male mice, lower levels of growth hormone are secreted in a pulsatile manner (Waxman and O'Connor, 2006) . Continuous infusion of growth hormone was shown to convert the male growth hormone secretory pattern to that of the female pattern in hCYP3A4 mice . This was demonstrated by implanting growth hormone-releasing pellets into the mice, thus causing the 6-week-old male hCYP3A4 mice to now express CYP3A4 (Fig. 3B) . Growth hormone-dependent changes in hepatic P450 expression may significantly alter the pharmacokinetics and pharmacodynamics of drugs metabolized by CYP3A4, leading to differing drug efficacies and possibly adverse effects from interactions between growth hormone and CYP3A4-metabolized drugs.
It is interesting that one line of hCYP3A4 mice exhibited low estradiol levels in the serum of pregnant females, resulting in underdeveloped mammary glands, low milk protein production, and low-pup survival rate due to an impaired lactation phenotype (Yu et al., 2005) . The low estrogen may be a result of enhanced metabolism of estradiol and its pre- 
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at ASPET Journals on October 25, 2017 jpet.aspetjournals.org cursor testosterone to the inactive 2-and 4-hydroxylated estradiol metabolites in the gut by CYP3A4 (Down et al., 2007) . The possibility that this increased metabolism occurs in the gut during the course of enterohepatic circulation of estradiol is intriguing given that untreated hCYP3A4 mice express high levels of the enzyme in the intestine (Granvil et al., 2003) . Enterohepatic recycling of estrogen has been demonstrated in humans (Sher and Rahman, 2000) . These hCYP3A4 mice will facilitate in the in vivo analysis of orally administered drugs that are CYP3A4 substrates and be potentially of great value in the prediction of drug interactions.
The hCYP3A4 mice described above have a mouse Cyp3a background. For a fully humanized mouse line to be produced, the murine Cyp3a locus needs to be disrupted. An ideal humanized model would be to have the transgenic mice containing the entire human CYP3A4 gene, which expresses CYP3A4 both in the liver and intestine and is under the control of its native promoter , bred into a Cyp3a-knockout background. Recently, Cyp3a-knockout mice lacking all functional murine Cyp3a genes were generated and shown to display greatly impaired metabolism of the anticancer drug docetaxel (van Herwaarden et al., 2007) . These Cyp3a-knockout mice were bred with transgenic mice expressing human CYP3A4 cDNA under the control of a villin or ApoE promoter (directing expression of CYP3A4 to the intestine or liver, respectively) to generate humanized models (van Herwaarden et al., 2005 (van Herwaarden et al., , 2007 . In particular, these humanized models were used to investigate the relative importance of intestinal versus hepatic Cyp3a in firstpass metabolism of docetaxel. Expression of CYP3A4 in the intestine of Cyp3a-knockout mice dramatically increased absorption of docetaxel into the bloodstream, whereas hepatic expression increased systemic docetaxel clearance (van Herwaarden et al., 2007) . The combination of these transgenic mice can provide excellent models for assessment of toxicity, drug efficacy, and drug-drug and drug-food interaction risks.
Xenobiotic Receptor-Humanized Mice
PXR-Humanized Mouse Model
PXR is a ligand-activated nuclear receptor that transcriptionally activates an array of genes in the liver and intestine that are involved in various aspects of detoxification and elimination of xenobiotics from the body and therefore has a significant impact on drug metabolism. Such genes include those that encode the P450s CYP3A, CYP2B6, and CYP2C; and the conjugation enzymes glutathione S-transferase, UDPglucuronosyltransferase, sulfotransferase, and carboxylesterase; and the drug transporters, organic anion transporting polypeptide 2 (OATP2), multidrug resistance-associated protein 2 (MRP2), and multidrug resistance protein 1 (MDR1) (Kliewer, 2003) . PXR is activated by a large number of xenobiotics and clinically used drugs, such as antibiotics, HIV protease inhibitors, anticancers, and antihypertensives. Because multitherapy regimens are commonly used in patients with cancer, HIV, cardiovascular disease, and diabetes, the most common clinical implication of PXR activation is the occurrence of DDIs. The CYP3A subfamily of enzymes, predominantly CYP3A4, is responsible for the metabolism of over 50% of clinically marketed drugs. Because many of the drugs that are ligands for PXR are also substrates for CYP3A4, DDIs can arise, resulting in decreased drug efficacy and increased drug toxicity. Species differences in PXR ligand specificity occur between humans and mice (Jones et al., 2000) . Drugs such as rifampicin, clotrimazole, and troglitazone strongly activate human PXR but are weak activators of rodent PXR. In contrast, the synthetic steroid PCN and the drug dexamethasone preferentially activate rodent PXR but not human PXR (Schuetz et al., 2000) . Cell-based reporter gene assays represent a simple and rapid in vitro strategy for screening human PXR ligands and CYP3A inducers (Raucy et al., 2002) ; however, limitations exist in extrapolation of in vitro data to the clinical in vivo situation. Therefore, a more realistic tool to study in vivo effects of human PXR would be the development of a humanized PXR mouse line (Xie et al., 2000) .
Previous studies have developed humanized PXR models by creating a transgenic mouse expressing the human PXR cDNA under the direct control of a tissue-specific promoter (albumin or fatty acid-binding protein) and breeding this transgene into a Pxr-null mouse background (Xie et al., 2000) . More recently, a PXR humanized mouse line (designated as hPXR mice) was generated using a similar strategy, with the exception that the complete human PXR gene is Fig. 3 . Gender-dependent regulation of the constitutive expression of CYP3A4 by growth hormone. A, CYP3A4 developmental expression in livers of male and female hCYP3A4 mice. Liver tissues were collected from transgenic male and female mice of different ages (4 -5 livers in each group). Pooled samples were used for Western blot analysis of CYP3A4. Antibodies against CYP1A2 and glyceraldehydes 3-phosphate dehydrogenase (gapdh) were used as controls. B, stimulation of CYP3A4 protein expression in male livers by continuous growth hormone (GH) treatment. Mice (6 -7 weeks old) were implanted with a growth hormone pellet that provided a continuous infusion for 7 days. Sham-treated mice were used as controls. Western blot analysis of the liver microsomes was carried out. HLM, human liver microsomes. under the control of its native promoter . A transgenic mouse was generated using a BAC clone containing the complete human PXR gene, including the 5Ј-and 3Ј-flanking sequences. This mouse then was bred with Pxrnull mice to create hPXR mice. In this model, PXR was expressed selectively in the liver and intestine, the same tissue pattern as CYP3A. Activation of PXR by rifampicin and PCN was investigated by monitoring mouse CYP3A11 expression. Rifampicin treatment induced CYP3A11 mRNA in the livers of hPXR mice but not wild-type or Pxr-null mice (Fig. 4A) . PCN treatment resulted in a marked induction of CYP3A11 mRNA in wild-type mice but not in hPXR or Pxr-null mice (Fig. 4A ). This demonstrates a clear difference between wild-type and hPXR mice in response to PXR ligands, suggesting the use of this BAC transgenic hPXR mouse model in investigating human PXR function in vivo. The potential usefulness of this hPXR model in studying induction of CYP3As and thus identifying associated DDIs in vivo was examined using midazolam and rifampicin as a paradigm. Midazolam is a short-acting hypnoticsedative drug metabolized primarily by CYP3A (Gorski et al., 1994) . Loss of midazolam pharmacodynamic effects were reported in tuberculosis patients undergoing rifampicin treatment, with the activation of human PXR and induction of Fig. 4 . Analysis of PXR function in hPXR mice. A, hepatic CYP3A regulation and expression in hPXR mice. Mice were treated with PXR ligands, rifampicin (RIF) or PCN, with corn oil used as a control (Cont). Induction of CYP3A11 mRNA was measured by real-time quantitative polymerase chain reaction analysis, and the induction of mouse CYP3A protein was measured by Western blot analysis. WT, wild-type; gapdh, glyceraldehydes 3-phosphate dehydrogenase; B, effect of RIF on midazolam (MDZ) pharmacokinetics in wild-type and hPXR mice. Mice were pretreated with 10 mg/kg/day RIF for 3 days followed by an oral dose of 5 mg/kg midazolam. The time course of serum MDZ was analyzed by liquid chromatography-mass spectrometry/mass spectrometry in WT mice and in hPXR mice with or without RIF treatment.
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CYP3A suggested as important factors in causing this DDI (Backman et al., 1996) . In wild-type mice, rifampicin had no significant effects on the pharmacokinetics of midazolam ( Fig. 4B ; Table 2 ). In contrast, in hPXR mice pretreated with rifampicin, the maximal midazolam serum concentration (C max ) was decreased by 64%, and the area under the curve (AUC 0 -180min ) was decreased by 60% ( Fig. 4B ; Table 2 ). Given that this interaction between rifampicin and midazolam could not have been predicted from studies using wildtype mice because murine PXR is not activated by rifampicin, this hPXR model represents a strong in vivo tool to investigate potential clinical pharmacokinetic DDIs between PXR ligand drugs and CYP3A substrates.
PPAR␣-Humanized Mouse Model
Peroxisome proliferators are a structurally diverse group of chemicals, including naturally occurring steroids and lipids, herbicides, pesticides, industrial plasticizers, and lipid and cholesterol-lowering fibrate drugs (e.g., fenofibrate, gemfibrozil). They are named as such because they induce the size and number of peroxisomes (peroxisome proliferation) in the liver of rats and mice to which they are administered (Reddy and Krishnakantha, 1975) . This is coincident with an increase in fatty acid catabolism as a result of elevated expression of genes encoding proteins involved in fatty acid ␤-oxidation and lipid transport (Reddy, 2001) . These effects are mediated by the nuclear receptor PPAR␣ as confirmed by using Ppar␣-null mice (Lee et al., 1995) . Peroxisome proliferators have been shown to act as nongenotoxic carcinogens. Long-term administration of these chemicals to rats and mice results in the formation of hepatocellular carcinomas; however, humans appear to be resistant to the induction of peroxisome proliferation and the development of liver tumors by such chemicals (Gonzalez et al., 1998) . The mechanism of action of PPAR␣ in causing hepatocarcinogenesis and the species difference in response to peroxisome proliferators is largely unknown, but it may be related to differences in expression, activity, or ligand affinity between rats/mice and human PPAR␣. Indeed, it has been demonstrated that human livers express one-tenth the level of PPAR␣ mRNA and functional DNA binding capacity than do mouse livers (Palmer et al., 1998) . Fibrate drugs are widely prescribed clinically, and new generation drugs with higher PPAR␣ affinities (agonist activity, EC 50 , of more than 100-fold greater than presently used fibrates) are under development by the pharmaceutical industry (Brown et al., 2001) . Thus, it is of importance to investigate the mechanism of species differences in response to peroxisome proliferators and the mechanism of action of PPAR␣ ligands in causing carcinogenesis. Therefore, PPAR␣-humanized mice were developed as an approach to assess human risk to peroxisome proliferators.
A PPAR␣-humanized mouse line was created that expressed human PPAR␣ in the liver in a PPAR␣-null background and was designated hPPAR␣ TetOff (Cheung et al., 2004) . In this mouse line, human PPAR␣ cDNA was placed under the control of the tetracycline-responsive regulatory system (Tet-off) with the liver-enriched activator protein promoter (C/EBP␤) promoter. In the absence of doxycycline (a tetracycline derivative), human PPAR␣ was constitutively expressed, the protein levels of which were comparable to that expressed in wild-type mice (Fig. 5A) . In the presence of doxycycline, no human PPAR␣ protein was expressed (Cheung et al., 2004) . Administration of the peroxisome proliferator Wy-14,643 revealed an induction of genes encoding peroxisomal acyl-CoA oxidase, bifunctional enzyme, and thiolase, microsomal (CYP4A), mitochondrial short-, medium-, long-, very long-chain, and acyl-CoA dehydrogenases fatty acid-metabolizing enzymes, as well as fatty acid transport protein fatty acid translocase (CD36) and liver fatty acid-binding protein, demonstrating that human PPAR␣ is functionally active in these mice (Cheung et al., 2004) . TetOff mice also demonstrated lower fasting serum total triglycerides similar to wild-type mice expressing native mouse PPAR␣ (Fig. 5B) . Marked hepatomegaly was observed following Wy-14,643 treatment due to enhanced cell proliferation and cell hypertrophy resulting from an increase in the size and number of peroxisomes (Fig. 5C) ; the extent of this increase was less in the hPPAR␣ TetOff mice compared with wild-type. It is surprising that only the wild-type mice but not the hPPAR␣ TetOff mice exhibited hepatocellular proliferation following Wy-14,643 treatment, as revealed by the increased incorporation of 5-bromo-2Ј-deoxyuridine into hepatocyte nuclei (Fig. 5D ) and the elevation of cell-cycle control genes (Fig. 5E ). hPPAR␣ TetOff mice were found to be resistant to Wy-14,643-induced hepatocarcinogenesis after 44 weeks of Wy-14,643 feeding in contrast to the wild-type mouse group (Table 3) (Morimura et al., 2006) . These findings suggest that the species-specific difference in response to peroxisome proliferators such as fibrates are probably due to differences in profiles of genes activated by mPPAR␣ compared with hPPAR␣. This species-specific regulation of gene expression is probably responsible for the differential susceptibility to the development of hepatocarcinomas observed after fibrate treatment.
Recently a second PPAR␣-humanized mouse line was generated using a PAC clone containing the entire human PPAR␣ gene and was designated hPPAR␣ PAC mice (Yang et al., 2008 jpet.aspetjournals.org serum total triglycerides, and induction of PPAR␣ target genes encoding enzymes involved in fatty acid metabolism. In contrast to liver-specific expression of the hPPAR␣ TetOff mice, the hPPAR␣ PAC mice revealed PPAR␣ target gene induction in extrahepatic tissues (kidney and heart) as well as in the liver. The hPPAR␣ PAC mice provide an ideal in vivo platform for use in drug development, a model for human risk assessment to peroxisome proliferators, and also to elucidate the mechanisms of species differences mediated by PPAR␣.
Other Humanized Transgenic Mice
Multiple reports of other transgenic mice expressing human P450s and xenobiotic receptors exist and are beyond the scope of this review. These transgenic mice were generated using similar techniques as discussed in this article. Examples and appropriate references are described in a previous review and include transgenic models of human CYP1B1, CYP1A2, CYP4B1, CYP3A7, CYP7A1, CYP27, CYP2C18/19 (Löfgren et al., 2008) , CYP19, AHR, and CAR. Transgenic mice containing the regulatory promoter for the human CYP1A2, CYP3A4, and CYP27B1 (Hendrix et al., 2004) have been generated to investigate the regulation of the P450 gene in mice . However, of particular interest is the recent development of chimeric mice with humanized liver and their use for predictive drug metabolism and pharmacokinetic studies (Katoh et al., 2008) . Instead of selectively introducing one or two transgenes as described in the humanized models above, this approach results in the almost complete repopulation of the mouse liver with human hepatocytes and thus introduces all human drug-metabolizing enzymes that are contained within the donor hepatocytes. A urokinase-type plasminogen activator ϩ/ϩ /severe combined immunodeficient transgenic mouse a Mice that became moribund before termination of the experiment were euthanized, and the gross pathology and histological examination of the liver were carried out to score tumor incidence.
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at ASPET Journals on October 25, 2017 jpet.aspetjournals.org line was established that exhibits a low degree of rejection of transplanted cells, and this model was used to develop a nearly complete humanized liver by transplantation of the liver with 80 to 90% human hepatocytes (Tateno et al., 2004) . In the liver of chimeric mice, human phase I enzymes (including P450), phase II enzymes, and drug transporters were shown to be expressed and have similar drug-metabolizing capacity as the donor hepatocytes, as well as P450 induction potencies of rifampicin, rifabutin, and 3-methylcholanthrene (Katoh et al., 2008) . Human-specific metabolites were detected in the serum, suggesting the use of these chimeric mice as human drug metabolism and pharmacokinetic models (Katoh et al., 2008) . Using these chimeric mice to study drug metabolism is advantageous because the combined effects of human P450s, human conjugation enzymes, and human drug transporters can be collectively studied. Given that genetic polymorphisms from the donor can be retained in chimeric mice, this also allows these human genetic polymorphisms to be studied in vivo. Even though generation of these chimeric mice requires a relatively small (5 ϫ 10 5 cells) input of healthy human hepatocytes, acquisition of suitable donor hepatocytes remains to be a limiting factor in establishing this model. The donor population is largely heterogeneous with respect to age, gender, disease status, drugs/medication taken, or exposure to xenobiotics; therefore, variability among hepatocyte preparations can result. These factors should be carefully considered when analyzing studies using such donor hepatocytes to establish chimeric mouse-humanized livers. Another limiting factor is, unlike the transgenic humanized models, which once established are maintained through breeding, chimeric mice must be generated de novo as needed (Muruganandan and Sinal, 2008) . Because this approach results in only humanization of the liver, other extrahepatic organs still contain the endogenous mouse enzymes; thus, the contribution of a humanized intestine, for example, cannot be examined. This is not the case in the transgenic humanized models where the human transgene can be expressed in the liver and intestine. Therefore, pharmacokinetics of oral drug administration in humans cannot be effectively modeled using these chimeric mice because only the contribution of the liver to human drug metabolism can be recapitulated. However, the generation of chimeric mice with humanized livers does represent an important advance in the human drug metabolism research, and with further validation, this model should prove to be an immensely valuable tool for predicting human drug metabolism and drug development.
Conclusions
The studies reviewed herein show that P450 and xenobiotic receptor-humanized mice can be generated by using cDNAs or complete human genes introduced into mice with BAC or PAC clones and by breeding them into the respective knockout background. These transgenic mouse models were characterized and shown to accurately express the corresponding enzymes and exhibit catalytic activities at levels comparable to or higher than those found in human tissues.
Perspectives
The development of these humanized mouse models provides an approach to overcome species differences in drug metabolism, which are in part associated with differences in the genes encoding P450 drug-metabolizing enzymes or xenobiotic receptors. These mice have proven to be very stable, with some lines having been maintained for several years without loss of the transgene. Such humanized mouse models have shown to be valuable tools for studying the function and regulation of P450s and xenobiotic receptors in the whole animal system. They offer broad applications in the evaluation and prediction of human drug and carcinogen metabolism, pharmacokinetics, pharmacodynamics, drug toxicities, and DDIs. These novel mouse lines also offer the opportunity to investigate endogenous substrates for P450s, screen for nuclear receptor ligands, identify target genes, and define physiological and pharmacological pathways mediated by xenobiotic nuclear receptors. Combinations of these mouse lines, e.g. CYP3A4/CYP2D6 (Felmlee et al., 2008) or CYP3A4/ PXR double humanized mice, could ultimately provide even better models for preclinical drug development.
